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AJBSTRaCI 

Two  fiber  reinforced  polymer  compotitet  were  examined  for  susceptibility  to  microbial  degradation. 
Compoeites.  leaini  and  fiberi  were  exposed  to  lulfur/mm-oxidJxing,  calcareoua-depositing,  ammonlum- 
producing.  hydrogenimduclflg  Ifld  sulfote-reduciog  bacteria  (SRB).  Surfaces  were  uniformly  colonized 
in  all  casea.  Epoxy  and  vinyl  eater  neat  retina,  carbon  fibers  and  epoxy  compoaltea  were  not  adversely 
■Ifeeted  by  mlcrt^  tpeeiea,  SRB  degraded  the  o^anlc  luifactant  on  glass  fibers  and  prafeieotially 
colonized  &ber>vinyl  ester  Interftcea.  Hydrogen-producing  bacteria  appeared  to  ditntpt  bonding  between 
fiben  end  vinyl  eater  leain  and  to  penetrate  the  resin  at  the  interface. 

Keywords:  Polymer,  composite,  microorganism  legTadatl(^r 


INTRODUCTION 

FSbeiglan/polymer  nod  carbon/polymer  composite  tmueriaii  are  used  in  many  aquatic  envlronmenti. 
With  high  itiengtti  to  wdght  ntioi  and  improved  stiUheu  for  high  performance,  these  mtteriali 
loipait  eonvendonal  aetals  and  alloys  for  many  structwil  appUcationa.  Unfoitunalely,  little  attentioo 
hu  been  paid  to  etiviiofii&ental  degradation.  It  wm  long  b^ved,  for  example,  that  fiberglaia  boat 
btiUi  would  not  suffer  conoaion,  blofouUng  or  deterioratloa  found  In  convendonil  materials,  Howevrr, 
b  Is  now  recognized  that  all  engineering  materials  become  colonized  by  mlctoorganlimf,  inelodlog 
bacteria,  widilniKmn  alia  exposure  in  niXuialwaieri.'  Mtcroorganiiroi  grow  and  produce  a  viscoelattic 
layar  or  bioSlm.  The  enviroiOTeni  at  the  blofilm/matarUl  inteiftee  la  ndictlly  different  from  the  bulk 
madlum  in  terms  of  pH,  disiotvod  oxygen,  and  organic  and  inorganic  species.*  Purfiieirooiv,  polymeric 
compodtei  an  subject  to  degradation  from  moisnire  intrusion  and  osmotic  bUsteting.^'*  Altlnugh  the 
piobiama  of  motstuie  intnision  and  blistering  have  been  studied  and  can  be  eliminated  by  proper 
mamifocttninf*  and  maintenance  procedures,  npah  cosu*  and  safety  risks  are  high, 

PDlymeilc  eompoeitei  are  subject  to  many  kinds  of  environmental  degradation.  Tucker^  showed  that 
caibon/^ymir  composites  ^vanically  coupled  to  metals  are  degraded  by  cathodic  raactioni  In 
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(ctwtter.  Jooei  et  il.'  demonitntod  that  epoxy  xno  nyioo  coaUiifi  on  iMl  were  bieeched  by  mixed 
cultnei  of  nailne  becteiii.  Ptaixyt*  leponed  that  p-S5  graphite  fiben  were  attacked  by  a  mixed 
^ture  of  jPMudome^  der^lnoM  and  AcOutobaeiMr  cakowtiau,  oommon  toil  Uolatea.  Poulble 
mechanitmi  for  iniembial  degradadoh  of  polymeno  compoaitea  InehidK  direct  attack  of  the  reilfl  by 
tcidi  or  enzyitiei,  blitteiing  du  to  ^  evotutiao,  eshan^  cracking  doe  to  calcaieoua  depotitt  and 
gu  evolution  ind  polymer  dettabilizatidn  by  concentrated  chkiidei  and  lulfldet, 

’if-  ^ 


PROCEDVKX 

Identity  end  Maintenance  of  Bacterial  Colnirv* 

A  luUur^ion  oxidizing  bectenom,  ThIobaclUus  ftmxukau,  Letihan  ttreln,  obtained  &om  Dr.  Nonnan 
Lazaioff.  State  Univenity  of  New  York,  Binghamton,  NY.  wu  maintained  in  9K  medium*^  containing 
3.0  g  (N^S04,  0.1  g  KQ;  0.5  g  IC2HPO4,  0.5  *g  MgSO^TH^O,  0.01  g  Ca(NO,)}  diHolved  In 
700  ml  dittilled  water  pravknuly  addii^  to  pH  2.5  with  H2SO4.  The  aalt  lohttion  wu  iteiillzed 
at  2S0X^  and  ISO  pai  for  15  mlnutet.  300  ml  of  an  iron  tolution  containiBg  44  g  FeS04'7H20  in 
pH  15  H2SO4  wu  filter  itarilized  and  added  to  the  tail  solution. 

Psutdomomu  fluonsetnt,  a  calcareoui-depotiting  bacterium  wu  obtained  torn  the  Mneiican  Type 
Culture  Collection  (ATCC  #17571),  Rockville,  MD.  The  otganiim  wu  orlginany  iaolated  frtm 
polluted  seawater.  Ps.  fluoresetns  wu  maintained  in  a  medhun  containing  015  g  calcium  acetate, 
0.4  g  yeut  extract,.  1.0  g  glucoae,  100  ml  distilled  water,  and  adjusted  to  pH  S.O  using  NbOH.“ 

Lactococciu  lactls  subsp.  (actis,  ATCC  #19435,  sn  smmomuni-producing  bacterium,  wu  maintained 
in  heart  infusion  media. Clostridium  acttobutyllcum,  ATCC  #824,  a  bacterium  previously 
shown  to  produce  copious  amounts  of  hydrogen  from  fermentation  of  sugin,  wu  maintained  in  a 
growth  m^um  described  by  Ford  et  al.“  Sulfat»4educing  bacteria,  isolated  u  a  mixed  culture  of 
facultative  microorganisms  fixnn  a  corrosion  failuie  of  s  carbon  steal  waster  piece  on  a  surface 
jh{p^i3.i<.i5  maintained  in  Poitgatc  B  growth  medium 


Sxpoiure  Condlttons 


TtipUcale  coupons  (2.5  x  2.5  x  0.6  cm)  o(  two  fiber  reinforced  polymer  compositfss— «  carbon  fiber 
Cr-300)  mhtforced  qxixy  (NARMCO-S208fT-300,  BASF,  Stnictnral  Materials,  Anahalm,  CA>,  and  a 
gtus  (S-2)  and  carbon  (T-300)  rsinforeed  vinyl  ester  (Derakane  411-45,  Dow  Chemlc^' Midland, 
MI),  were  exposed  to  mloobiological  eulturu  for  161  days.  The  epoxy  wu  cured  in  a  vacuum  bag 
autoclaved  at,  121*C.  Cute  of  vinyl  ester  mins  wu  promoted  with  cobalt  napihenate  and 
0,05%  dimethyl  aniline,  catalyzed  with  2%  methyl  ethyl  ketone  peroxide.  Retina  were  poM<med  at 
100*C  for  8  hourt.  Carbon  fiten,  glut  fibers,  vinyl  ester,  and  epoxy  icaiu  wen  exposed  for  90  days 
to  SRB  and  hydrogen-nodacini  bac^a  Glass  fibers  had  been  treated  with  orgiMflinctlottat  Silane 
Arl72  (Union  Carbide  ,  Dubuiy,  CT).  All  eulturu  were  maintained  at  room  temperature  and  were 
periodically  tefiuhed  with  new  media.  Triplicate  uninoculaied  controlt  were  maintained  under  the 


name. exposure  contStloni: 

.  >' 

Moisture  Uptake 


Samples  weib  weighed  before  and  after  exposure  Motsrure  uptake  wu  calculated  after  the  biofilm  had 
been  removed  with  k  cotton  iwab  containing  acetone  and  the  sample  lewelghett 


,  s 
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Figure  3.  Light  micro»copc  micmgrephi  of  glai*  fibers  (»)  unexpeseO  ^  txooita  to  culture  mediura. 
and  (c)  exposed  to  SRB  in  culture  medium. 


facilitate  handling.  Silane  A-J72,  a  vinyl  tris  (I-methoxyethoxv  mane,  promotes  adhesion  betwew 
the  vinyl  ester  resin  and  glass  fibers.  Microbial  degradation  of  (he  surfactant  by  SRB  was  further 
demonstrated  with  ESEM/EDS  silicon  dot  maps  (Figure  4).  Silicon  dot  maps  of  control  fibers  exposed 
to  uoinoculaied  media  showed  concentrationi  of  silicon  within  the  core  of  each  fiber  and  small 
amounu  of  silicon  along  the  length  of  each  fiber.  Similar  maps  for  fibers  exposed  to  SRB  showed 
iQcreaied  amounts  of  silicon  along  the  lengdi  of  the  fiber.  Many  microorganisms  are  known  to  degrade 
organic  polymers.'*'^  The  mixed  anaerobic  culture  containing  SRB  used  m  this  work  haa  been  shown 
previously  to  degrade  marine  caulks  and  traditional  polymeric  coaung* 

Hydrogen-producing  bacteria  appeared  to  disrupt  bonding  berween  fiben  md  vmyl  ester  resin  (Rguio  3). 
The  organitmi  penetrated  the  resin  and  diirupdon  of  fibers  sod  rctin  mav  be  due  to  gai  formation 
within  the  composite.  ,  ' 

,  -  iieVI 
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Previous  work  published  for  moisture  uptake  for  vinyl  ester  neat  resm  and  the  carbon  vinj;!  eater 
composite  indicate  that  the  matetlala  should  be  saturated  after  90  day s  ^ '  The  neat  tealn  and  tlM  carbon 
vinyl  eater  composite  am  typically  saturated  at  0.78  and  2.23%  weight  gain,  respectively In  Ito 
presence  of  biofilmi,  moisture  uptidee  was  typically  0.1  and  0  9%  for  the  neat  resin  and  donViOsite, 
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Snrflice  Anulyiii 

Samples  were  eumiacd  before  and  after  exposure  using  an  environroestal  scaaning  electron  micro¬ 
scope  (Eloctroican  Corpoittioii.  WUmington.  MA)  coupled  with  an  energy-dispersive  x-ay  analyiii 
system  (NORAN,  Middleton,  WI)  (ESBM/BDS).  The  BSBM  uses  a  lecoodaiy  electron  detector  eq)^ 
of  forming  high  resolutioo  images  at  ptessures  in  the  nnge  of  0.1  to  20  ton.  At  thew  pi;essuiei, 
spedmen  charging  is  diisipaied  into  the  gaseous  environment  of  the  specimen  ehimber,  enabling 
dire:t  observation  of  uncoated,  nonconductive  specimens,  including  polymeric  composites.  If  water 
vapor  is  used  as  the  specimen  environment,  wet  samples  can  be  obierv^  Wet  biofilms  can  be  imaged 
directly  without  fixation,  dehydration  or  metal  coating,  and  EDS  data  can  be  collected  at  the  same 
time  sample  morphologyAopogitphy  is  photographed.*^''*  Samplea  were  examined  for  evidenccf  of 
degradation  resulting  from  microbial  acdvliy  aixl  compared  to  nnJnoculated  controls. 


RESULTS  AND  DISCUSSION 

In  all  cases,  composite,  neat  resin  and  fiber  surfaces  were  colonized  by  all  microbial  types.  Neither 
the  epoxy  nor  the  vinyl  ester  composites  were  adversely  affected  by  calcareous-depositing  or 
ttnmonium-prDdudng  bacteria.  There  was  no  evidence  of  attack  of  retitu  and  fibers  remained  gnbcdded 
within  both  resins.  Composites  exposed  to  sulAir/uon-oxldizing  bacteria  (Figure  1)  were  covered  with 
crystalline  deposits  containing  tion  and  sulfur  in  addition  to  microbial  cella.  All  suiihoet  exposed  to 
SRB  .were  btuk  due  to  the  deposition  of  iron  sulfides.  No  damage  to  the  epoxy  composite,  epooty  neat 
tesin,  carbon  fibers  or  vinyl  ester  neat  resin  could  be  attributed  to  the  pteaenee  and  acdvltiM  of  SRB 
and  hydrogen-producing  bacteria. 

1 

SRB  grew  piefereotially  at  fibet/retid  interfaces  on  the  vinyl  ester  composite  (Figure  2).  Glais  fibers 
exposed  to  SRB  lost  all  rigidity  after  the  9fi-day  exposure  so  that  the  weave  pattern  was  no  longer 
evident  (Figure  3).  Control  glasa  fibers  remain^  rigid  and  maintained  the  original  weave  pattern 
(Figure  3).  Olasi  fiben  are  rondnely  treated  with  an  organic  surfactant  used  to  size  the  fibers  and  to 


Ftguie  1.  Sulftir/lron-oxidizing  bacteria  with 
cryitalline  deposits  00  surface  of  fiber  reinforoed 
polymeric  composite. 


sy.nttjii  esotsioJ/I 
Figure  2.  SRB  at  fibet/fosid  interfaces  ot^vinyl 

ester  comporileT-  ,  jmS 


«* 


Figure  4,  BDS  dot  map  of  silicon  for  glau  fiben  (a)  expoted  to  culture  medium  and  (b)  expoied 
to  SRB  in  cultare  awdiijm. 


teipecdvcly.  It  ^)(W>n  that  bionimt  may  act  u  •  ;  'ui>or  sema  for  water.  n;tatding  rooutuie 
upodce. 


CONCLUSIONS 

Epoxy  min  and  cutwn  fiben,  eiiher  Individually  or  m  composits,  were  not  deended  by  lulfUt/ 
inm-oxidiziiigi  hydrogen-prodocing,  calcireoui-depotlting,  or  SRB.  Bacteria  did  colonize  retint, 
fiben  and  Minpofitet,  btit'did  not  cauie  damage.  SRB  preferentially  colonized  vinyl  eater  compodtea 
at  the  fibc^tenn  inierfacea  degrade  n^  vinyl  eiter  reiin.  SRB  degradation  of  the  organic  loifkctaat 
on  gl^  fibers  waa  tfemonimted  wlA' BSBM/mS.  HydfOgen-producIng  bacteria  appear  to  have 
dlinipied  Ihib  fib^vidyl  eater  reiin  bonding  with  penetration  of  the  fctln. 
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Rgure  3.  Kydrogeo-prodoclng  bacterii  at  dimipted 
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